Electromagnetic (EM) field simulation plays a key role in the design of magnetic resonance imaging radio frequency (RF) coils. However, the values of the components in tuning and matching circuits often need to be iterated repeatedly in the conventional simulation method in order to achieve optimal scattering parameters. This leads to a time-consuming optimization to tune and match RF coils, particularly dual-tuned coils that are comprised of multiple lumped elements. A method combining EM field simulation and circuit simulation was employed in this paper, which can dramatically improve simulation efficiency for the optimization of the values of the lumped elements and corresponding EM field distribution. A systematical theoretical analysis of the co-simulation method was presented. To validate the accuracy and efficiency of the co-simulation method, a comparison study was conducted between the conventional simulation and the proposed co-simulation approaches.
I. INTRODUCTION

M
AGNETIC resonance imaging (MRI) is one of the primary imaging modalities used in current biomedical research and clinical applications. In the MRI systems, radio frequency (RF) coils are critical components used to transmit and receive magnetic resonance signals [1] - [4] . In order to improve the sensitivity of signal detection and to obtain high-quality MRIs, the performance of RF coils needs to be optimized. To design high-performance RF coils, numerical electromagnetic (EM) simulation is often employed as a costefficient design approach and a theoretical method to study the EM interactions between the load and RF coils [5] . Through the simulation, the EM field and specific absorption rate (SAR) distribution can be investigated to ensure imaging quality and patient safety [6] .
The conventional EM numerical analysis method is primarily based on the finite element method and finite-difference time-domain algorithms [7] - [9] . In these approaches, the coil structure with tuning and matching circuits are built directly into the model. The scattering parameters, EM field, and SAR distribution can be obtained to evaluate the coil performance [10] , [11] . However, the values of lumped elements in the tuning and matching circuits of the RF coils need to be optimized. The optimization is time-consuming since the field distribution must be re-calculated with each iteration. The optimization is inefficient and impractical, particularly in the case of a complex circuit with multiple components such as dual-tuned coils.
The EM field and RF circuit co-simulation approach sim- ulates the field distribution and tuning/matching conditions of the RF coils separately [12] . In this paper, an RF coil co-simulation strategy that can dramatically increase calculation speed and shorten the computation time is demonstrated. The theoretical analysis of the co-simulation method is proposed. It is subsequently utilized to optimize with high efficiency the tuning and matching circuit of a dual-tuned coil array and make the numerical calculation practical, particularly in complex RF circuits. The accuracy of the co-simulation method is validated by comparing scattering parameters and field distribution results with the conventional simulation method.
II. THEORY Compared with the conventional simulation method, tuning of the lumped elements is conducted in the circuit simulation in the co-simulation approach, which means that the field distribution does not need to be repeatedly calculated during the iteration. When the RF coil is well tuned and matched, the flowchart of the two simulations is shown in Fig. 1 . There are linear assumptions in the method with a few limits. The proposed method applies to calculate the indicators when the 0018-9464 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. linearity assumption is applicable such as the S-parameters and the EM fields. However, the SAR needs to be further calculated. The EM field and SAR are determined by the coil structure, the tuning and matching circuit, and the input power of each coil which can be expressed as
where i and ω denote the port index and angular frequency, respectively. 
(t). This can be defined as
where F denotes the Fourier transform of the EM field data and EM(t) represents the EM field. t denotes the time step width, and n and Nt denote the number and the max number of time steps in the simulation, respectively. An N-channel coil array can be modeled as an N-port network, as shown in Fig. 2 . This relation represents a linear system of equations for the determination of the unknown scattering matrix S i of the N-port [13] . The matrices S i of each subnetwork represent the tuning and matching circuit. The power of the incident wave and the reflected wave of each port are 
in which the s-parameter matrix of each subnetwork is transferred from the impedance matrix of the equivalent circuit model in the subnetworks. The scattering matrix S i of the i th subnetwork is defined as 
This can be reduced to (5) when the coil array is well decoupled and the interaction between ports is negligible ⎡
where
in which
Based on the above equations, the EM field distribution are expressed as
III. APPLICATIONS As an example, a dual-tuned, three-channel phased array coil which was comprised of three round loops, each with a 40 mm radius and 3 mm conductor width was used. Commercial software (Computer Simulation Technology, Darmstadt, Germany) was used to validate the proposed simulation method in this paper.
A cubic phantom measuring 200 × 60 × 80 mm 3 was placed 5 mm above the RF coil model. The material property of the phantom was set as conductivity = 3.53 S/m, relative permittivity ε r = 74, and relative permeability μ r = 0.99. In the conventional simulation, the ports and capacitors were arranged at the gaps of the RF coil model, as shown in Fig. 3(a) . The red and blue components in Fig. 3(a) denote the ports and lumped elements, respectively. In the proposed simulation, all the lumped elements were replaced by ports with 50 impedance, as shown in Fig. 3(b) . A dual-tuned circuit was added to achieve the resonant frequency 115.9 MHz for fluorine ( 19 F) and 123.2 MHz for hydrogen ( 1 H) at 3 T [14] . The dual-tuned circuit structure is depicted in Fig. 4 , in which the red triangles denoted the excitation ports.
Time-domain solver was employed, and the linear equation system solver accuracy was set to −30 dB. The boundaries of the RF coil model were all set to open, and the bandwidth was set to 50-200 MHz. The total number of mesh cells was 645 840.
The RF coil was tuned by adjusting the capacitance or inductance of lumped elements. In the conventional simulation, the coils were tuned by adjusting the lumped elements directly in the model and the simulations were all performed in field to obtain the EM field and SAR. In the co-simulation, the coils were tuned by changing the capacitance in the RF circuit and combining the individual EM field based on the tuned data of the external ports in order to obtain the EM field. The trust domain framework algorithm was applied to optimize the simulation results [15] . This algorithm used a domain accuracy value to control convergence behavior. All the capacitance and inductance parameters were selected to optimize the frequency tuning and impedance matching of the coil. The S-parameters (S11, S22, and S33) with the targets were set as <−30 dB.
The EM field and the SAR data of the xy plane of the two methods were exported and compared to validate the accuracy of the proposed method. The total time required for the two simulations are defined, respectively, as
in which t MWS and t mws−ch denoted the total and individual channel simulation time in the conventional procedure, respectively. t co−sim , t co−p represented the total time and the time for the individual port of the EM field simulation of the proposed method, respectively. t ds was the time in circuit simulation n was the number of channels, n e was the number of ports for each channel, and k was the number of simulations of the entire process. In this model n = 3 and n e = 4.
The human spine model was also applied as the RF coil load. The electric properties of the tissue used for simulation are listed in Table I . The simulation time of the conventional simulation methods and the proposed co-simulation methods was compared with the same mesh cells in two cases: 5 701 104 and 10 370 850 mesh cells.
IV. RESULTS
For one EM field simulation in this phantom case, the energy convergence time of each port is 124.36 ns in the conventional simulation with three ports resulting in a total time 373.08 ns and it is only 18.71 ns in the proposed co-simulation with 12 ports resulting in a total convergence time 224.52 ns. The proposed method saves about 39.82% of the total energy convergence time in one simulation. A total of 84 iterations for both methods were required to achieve the optimized S-parameters. Compared with the conventional simulation, the proposed co-simulation method saves about 95% of total simulation time because it only needs to calculate H i circuit (ω), whereas the conventional method needs to repeatedly calculate H i field (ω) in each iteration. The total time comparison of the two methods is shown in Table II V. CONCLUSION This paper describes a method for enhancing the simulation efficiency of RF coil design. The co-simulation method provides a more efficient choice particularly for complex RF circuits. Without resonant structure in the co-simulation, the convergence of the EM field simulation is faster than the conventional method. Through the three-channel dual-tuned RF coil simulation, the proposed co-simulation reduces 40% simulation duration in one EM field simulation. Regarding to the optimization of the values of the lumped elements, the cosimulation saves more than 90% of the total time. The EM field and SAR deviation between the proposed co-simulation and the conventional simulation are all less than 4% which demonstrate the accuracy of the proposed method.
The systematical theoretical analysis of the co-simulation is based on the linearity assumption and the negligible interaction between the ports. When the decoupling performance is determined by the structure of RF coils, such as overlapping coil elements, the proposed analysis can be used. The non-diagonal elements in the matrixes in (5) and (6) will be non-zero if the coil array is not well decoupled. The calculation is still within the matrix, which should be still faster than numerical calculation of EM fields.
